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1. ABSTRACT

The paper examines the fatigue behavior of SAW &gelb-joints from high-strength steel
plates. Material characterization testing is comedcfirst, followed by fracture toughness
CTOD measurements. Subsequently, nine T-joint spats have been tested under fatigue
loading. The experimental results were comparedh \BtN fatigue curves used in welded
plated connection design, and indicated a very datigue performance of those joints. Finite
element simulations showed a stress concentratoy close to the vicinity of the weld toe,
responsible for crack initiation. The good perfonoa of those joints is very promising for the
use of high-strength steel in bridge and in maafighore applications.

2. INTRODUCTION

Recent technological demands, mainly motivated Kghore exploration and marine
engineering applications, point out a trend towandsncreasing use of high-strength steel with
yield stress higher than 460 MPa (Lotsberg & Ber@®96). The use of high-strength steel has
also become an important issue for onshore appitgtsuch as buildings and bridges (Miki et
al. 2002). On the other hand, standards/recommiendadvailable for fatigue design of welded
connections do not account for the use of high @stéels. Therefore, the development of a
specific know-how on the fatigue behavior of higresgth steel welded connections constitutes
a important issue.

The present research is mainly experimental, amsists of a series of experiments on
high-strength T-shaped welded plated connectimsartds determining their fatigue strength.
Plate thickness is 15 mm, and the nominal yieldsstrof the plates is 690 MPa. High-cycle
fatigue is considered, with more than 200,000 nunabdoad cycles for each specimen. The

196



0
6E9vu(é 2UVEDpLO
MetaAkov Kataokeumv

ZYNAEZEIZ METAAAIKQON KATAZKEYQON

experiments are supported by numerical simulaticiimjed at determining local stress
concentrations.

In particular, the research described in this p&parpart of an extensive research program,
which is aimed at determining experimentally thagize strength of welded connections of
high-strength steel plates, extending the fatigatalthse for high-strength steel specimens and
proposing guidelines/recommendations towards a aate efficient fatigue design of high-
strength welded steel structures. The researchisnpiper consists mainly of a series of nine
(9) high-cycle fatigue tests on T-joint plate speens under four-point bending, with a ratio
R=0,,/0m.=0.50. Characterization of the steel material in the dwelicinity and

determination of its fracture toughness are alsnduoted. Finite element simulations are
performed to determine stress concentrations avéie toe. Finally, comparison of the fatigue
results with existing design specifications andoremendations would indicate whether it is
possible to extend existing design tools, develofpedhe fatigue design of regular-strength
steel, to the case of high-strength steel.
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Figure 1: T-joint specimen geometry and welding preparation.

3. MATERIAL CHARACTERIZATION AND TESTING

The T-joint specimens are shown in Figure 1 anceweanufactured by CORUS UK. The
steel plate material is S690 Q (specified minimueidystress equal to 690 MPa). Tensile tests
conducted at CORUS labs indicated yield and tersilengths of 840 MPa and 890 MPa
respectively. The plates were laser cut and beyeled full penetration SAW fillet welding
was performed. The preparation of the specimetsgsshown in Figure 1.

Macroscopic and microspopic evaluations of the egldpecimens were performed at the
Laboratory of Materials, Dept. of Mechanical & Irsdiial Engineering, Univ. of Thessaly, by
employing the standard procedure of metallograpgimeparation and examination under
Optical Metallographic Microscope. Microhardnessasweements were also conducted on the
same specimens at a load of 2kgr on Vickers stalke macrostructure of the weld is shown in
Figure 2a. The weld metal, as well as the HAZ msadly highlighted. The weld is free of
macro-defects, and there is a smooth transitiom fiiee weld metal to the HAZ and the base
metal. The microhardness measurements are depitt€yure 2b. All measurements are
within the range of 220-335 HV

The base plate exhibits a fine microstructure, isting of tempered lath martensite and
carbides (Figure 3a). In the HAZ, adjacent to tleeirdalary with the base plate aggregated
carbides and ferrite can be observed while towHrdsveld metal the microstructure contains
plate martensite and ferrite. At the interface witle weld metal a mixture of martensite,
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acicular ferrite and small quantities of Widmartstatferrite can be found (Figure 3b). The
weld metal exhibits a fine microstructure which sists of acicular ferrite and carbides.
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Figure 2:(a) Macro-structure of the SAW fillet weld. (b) 80-hardness measurements across
lines A,B,C,D indicated in Figure 2a.

Weld Metal

Figure 3:(a) Microstructure of the base metal; lath maitersnd carbides. (b) Microstructure
at the HAZ /weld metal interface; ferrite (acicutard Widmanstatten) and martensite.

Fracture toughness tests on the high-strength statdrial have also been conducted, at the
Reinforced Concrete & Structures Lab, Dept. of Cangineering, Univ. of Thessaly. Seven
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single-edge-notched bend (SENB) specimens (seed-#jumachined from the parent plate
were tested under 3-point bending to determineGROD critical displacement (Figure 4).
Three (3) beam specimens were notched perpendi¢ursverse) and four (4) notched
parallel (longitudinal) to the plate rolling diremt (RD). The nominal cross-sectional
dimensions of the beam specimens Bre 13 mm andW =26 mm, with a span 05=109
mm. The tests were conducted in accordance with4B&7Part 1, 2 at room temperature
(nominal test temperature was’@2. The &.,o, values were 0.184 mm and 0.144 mm for the

specimens notched perpendicular and parallel todliag direction respectively. Thos&.,.,

values are very similar to those measured at €l@mperature (conducted at CORUS UK).
The ., Values for the specimens notched perpendiculéinddRD (specimens 15XX10-1)

are greater than those obtained for specimens ewtgarallel with the RD (specimens
15XX10-2) by an average of 28%. Tldg,,, values are generally consistent with the ductility
limit values recommended in relevant design speatibns.

L =235mm 1F/2

»
>

Figure 5. Experimental set-up for fatigue testing.

4. FATIGUE TESTING

Nine (9) tests were performed on welded T-jointhhgjrength steel plates under cyclic
loading of constant stress amplitude, at the Retefd Concrete & Structures Lab, Dept. of
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Civil Engineering, Univ. of Thessaly. The purpodetlus experimental investigation was to
determine the fatigue life of high strength welds#del plates subjected to a specified stress
range. Based on the test results, the correspor@hcurve was obtained and compared with
the fillet weld class-F S-N mean curve given in B# 7608 design standard.

'II"e:.t (;n;,;) : ;.,F,’.;) : MAlga) Cycles tI:ffallure, logAc logN,
1 520 260 260 239,320 2.41 5.38
9 520 260 260 229,858 2.41 5.36
2 440 220 220 369,964 2.34 5.57
3 400 200 200 731,500 2.30 5.86
8 400 200 200 615,530 2.30 5.79
4 360 180 180 918,282 2.26 5.96
5 320 160 160 957,866 2.20 5.98
7 320 160 160 867,672 2.20 5.94
6 240 120 120 3,440,910 2.08 6.54

Table 1. Test results: total number of cycles to failueesus applied stress range.
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Figure 6: Fatigue test results; comparison with mean cé&rfiem BS 7608 specification.
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Specimens of welded T-joint high strength steetgslavere tested under cyclic loading
with constant stress amplitude, under 4-point begdvith load control (see Figure 5). All
specimens had the same geometric, material prepeend type of welding yield strength. The
span length of the specimenlis= 235 mm, the thickness ts= 15 mm, the widthb=95 mm
and the moment arm of the applied concentrated Ba@0 mm, as shown in Figure 5. A
constant stress ratidR= o,/ ... =0.50, is used with a test frequency of 5 Hz. For each

specimen tested under fatigue loading a differgmess rangeAs is applied. Given the stress
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range, the minimum load, the maximum load and ¢laelihg span applied were determined for
each fatigue test. Six values of stress rangewere applied, namely 120, 160, 180, 200, 220
and 260 MPa. The testing setup used for the fatigsts includes a 3 m (wide) x 3 m (long) x
4 m (high) self-reacting steel frame and an MTSa&drydraulic system with a +250 kN load
capacity and +75 mm stroke capacity hydraulic aotyacontrolled by a 407 MTS digital
controller and powered by an air-cooled 40 It/mim$4hydraulic pump. All experimental data
were recorded by means of an automatic data atiquisiystem (National Instruments SCXI)
connected to a desktop computer.

The results of the fatigue tests, i.e. the totahbers of cycles to failuréN, for each level

of cyclic stress, are tabulated in Table 1 andpdo#ted in Figure 6. The “mean” S-N curve
based on the experimental fatigue results is coeaptar the fillet weld class-F S-N curve in the
BS-7608 standard. Due to the fatigue loading, akcedways initiates at one of the two weld
toes, which results eventually to the failure af #pecimen (Figure 7). To determine the level

of damage for each specimen during fatigue, acstiast up to the maximum applied lo&g,,

was performed for two cycles after a specified nembf fatigue load cycles. The data
acquisition system recorded the applied load, marinspecimen deflection (using a DCDT),
stroke of the hydraulic jack and axial strains elts the weld (using strain gages) for selected
specimens. Typical results from these static tdstsughout the life of the specimens are
shown in Figure 8 for specimen No.1.
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Figure 8: Static loading — deflection curve for specimen 1.

201



0 . Py
SYNAEZEIS METAAMIKON KATAZKEYON 6%/168\%?}\%%)36&200@%

Fractographic evaluation of the fracture surfaee®aled the typical appearance of fatigue
fracture, i.e. a fatigue fracture area and a fiasl fracture area, as shown in Figures 9 and 10.
Due to fatigue loading, one or two cracks initiate the weld toe, and progressively by
propagating through the base metal leads the spesinto failure. In specimen 9
(0. =520MPa), cracks initiate on both sides of the T-joirgfueeen the weld metal and the
HAZ (Figure 10), while at lower stress levels &ranitiates only at one of the weld toes
(Figure 9).

Test No.3

Figure 9. Typical macrographs of fracture surfaces; arrmalgcate the fracture origins.

Test No. 9

Figure 10. Secondary fatigue crack (test No. 9)

S5.FINITE ELEMENT SIMULATION

Finite element simulations have been conducted_#tmratory of Mechanics & Strength
of Materials, Dept. of Mechanical & Industrial Engering, Univ. of Thessaly, in order to
examine the existence of local stress and strasesain the vicinity of the weld toe,
responsible for the fatigue failure (geometric stes). A plane-strain two-dimensional model
is employed Figure 11. The variation of longitudinarmal stress normalized by the nominal
stress, denoted as stress concentration factor)($C&lso shown in Figure 11 in terms of its
distance from the weld toe. The results indicatesstconcentration at the small vicinity of the
weld, which is responsible for the fatigue failfgeometric stress). It is interesting to note that
a very fine mesh is necessary for obtaining thissstconcentration, whereas using a coarse FE
mesh (Lotsberg & Sigurdsson, 2006), stress extatipol from a region between 50% and
150% of the plate thickness results in a geomstress equal to the nominal stress.

6. CONCLUSIONS

The results from the present study indicated thatwelded joints exhibited an excellent
fatigue performance. The fatigue life observedchattested specimens was considerable higher
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than the one predicted by relevant design spetifics, such as BS 7608 mean curve. This
constitutes a very promising result for the usehigh-strength steel in applications where
fatigue is a major design factor. The researadf {garticular importance for the fatigue design
of welded steel structures subjected to repeatadirig conditions, such as highway or railway
bridges, marine structures (tankers, FPSO’s etmyards safeguarding their structural integrity
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Figure 11. Variation of stress in te
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IHEPIAHYH

H mapovca epyacio sival Tpmtictog melpapatikn Kot mepthapupavel Evav aptbpo 9 meipapdtov
koémwong oe kKopuPovug eminedmv ehacudtov popeng T amd xdivpa vyning avroyns. H xémwon
glvanr TOAV-KLKAIKT, Kol To. yoAOPOva sAdcpota Exovv mhyxog 15 MM kot ovopaoTiKd Oplo
dwppong 690 MPa.Ta mepapatikd amotelécpata vrootnpilovial omd aptOunTKés ovaidoelg
nenepacuévav ototysiov. H épgvuva mepthapfavet:

MoKpoGKOTIKY KOl HKPOCKOTIKY OEW0AOYNCN TOV GUYKOAMNTAOV GUVOEGE®MV. AVTO
ouvioTaTol OTNV  UETAAAOYPAOIKT €EETOGT TOVL UNTPKOV UETAAAOV, NG Oeppo-
emnpealopevng {dvNG Kot ToL HETAAAOD TNG GLYKOAANONG, KAOMG Kot 6€ dOKIUES KPO-
GKANPUVOT|G.

[Tewpdpato Tpocdoptopod e SveOPALETOHTNTAC TOV UETAAAOL VYNANG OVTOYNG, Kol
™V TN Tov avtictoyyov CTOD.

[Tewpdpata ké6nwong oe 9 dokipa popene T pe oTOX0 TOV TPOGIOPIGHO TG OEPKELG
Long (kKOKhov @OpTIoNG) Y10 SUPOPEG TWEG EVPOVS SKVUOVONG TNG TAOTG, KOl Yo
AM0Y0 R=0 /0 max = 0.50.

max
OpavoTo-ypaPikn aEoAOYNoN TOV SOKIUI®OV UETA TNV KOTMON Y10, TOV TPOCIOPIGUO
™G HOPPNG TG AGTOXING.
AVOADOELS TEMEPUGUEVOV GTOLXEIMV Y10, TOV TTPOCIIOPIGUO TNG TOMKNG TAGNG OTNV
YeITovia TG GVYKOAANGNG KOl TIG GVYKEVIPAGELS TAGEMV OV €ival vevbvveg yo TNV
actoylo 6g KOTWO.
20YKPION UE LIAPYOVTEG KOVOVIGUOVS KOTMONS, MOTE VO EEETUOTEL 1 EMEKTOON TOV
1GYLOVTIOV KOVOVICUAV KOTOGNS Y10, TO GYEOIOGIO GE KOTMOT GUYKOAANTMOV GUVOECEWMV

VYNAAG aVTOYNG.

Ta amoteléopato dsiyvouv TG M ovTOoyN OE KOTMON TOV &V AOY® GUVIEGEMV €ival TOAD
VYNAN, oe oyéon pe TIC TMPOPAEYELS TOV AVTIGTOW®V KOVOVIGUAOV. Avtd eival moAd
evOAPPLVTIKO Yo TNV YPNOT TOV YOALPOV VYNANG aVTOXNG GE KOTAGKELES OOV 1 KOTMON
amotelel oNUOVTIKO Tapdyovta 6yedacod (YEQupeg, OOAAGGIEG KOTUOKEVES KTA.).
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